The study of CP violation in the beauty hadron sector is a promising approach to search for the effects of physics beyond the Standard Model. Several recent measurements in this area from the LHCb experiment are reported in these proceedings. These are based on the Run-I dataset of 3 fb −1 of data collected at proton-proton centre of mass energies of 7 and 8 TeV.
Introduction
In the Standard Model (SM), the quark flavour transitions are governed by the 3 × 3 unitary CabibboKobayashi-Maskawa matrix,
which relates the mass and flavour eigenstates of the quarks. The single irreducible phase of this matrix is the source of all CP -violation in the quark sector in the SM. Six of the nine unitarity constraints form triangles in the complex plane, one of which is referred to as the unitarity triangle. A main goal of the LHCb experiment is to make precision measurements of CP -violation, and to measure the sides and internal angles of the unitarity triangle, in the hope to reveal anomalies due to the indirect effects of physics beyond the SM. Several recent LHCb measurements relating to CP -violation are reported. These are based on the Run-I dataset that was recorded during 2011 and 2012 at pp centre of mass energies of √ s = 7 and 8 TeV, corresponding to integrated luminosities of 1 and 2 fb −1 , respectively. In particular, several measurements related to B [1] , which improves on an earlier measurement with the 2011 data alone [2] . A key challenge in this measurement is in the determination of the B 0 d flavour at production. The new analysis achieves an improved sensitivity by using a new flavour tagging algorithm that exploits the correlated production of charged pions through the fragmentation process [3, 4] . The invariant mass distribution of the flavour tagged B [7] . Right: the CP asymmetry of these candidates, after background subtraction, as a function of decay time.
maximum likelihood fit to the decay time distribution that incorporates information about the flavour tagging yields the result, sin 2β = 0.731 ± 0.035 ± 0.020,
whose precision is comparable to that of the two best measurements from the BaBar and Belle experiments [5, 6] . The fit also allows for an asymmetry with a cosine dependence on the decay time. The amplitude of this term is determined to be C = −0.038 ± 0.032 ± 0.005, which is compatible with zero as expected in the SM.
The semileptonic decays B Using the flavour tagging algorithms described in the previous Section, these decays can be tagged as either mixed or unmixed. The mixing asymmetry is defined as,
The semileptonic decays provide a large signal of several millions of events which permits a high statistical precision. Figure 2 (left) shows the D
candidates. On the other hand, they are challenging to analyse, since they can only be partially reconstructed due the presence of a neutrino in the final state. A new measurement of ∆M d based on the full Run-I dataset is reported in [8] . The decay time is corrected for the missing momentum using a parameterisation determined from simulated signal decays. The background from B + mesons decaying into the same final state is suppressed to a level of a few percent by means of a dedicated multivariate classifier that is based on isolation and kinematic information. The mixing asymmetry for a subset of the data is shown in Figure 2 (right). The four subfigures correspond to different expected mis-tag rates from the flavour tagging algorithms. The oscillation has the largest amplitude in the top left subfigure which corresponds to the lowest mis-tag category. The measurement yields a value of,
which is the single most precise measurement of this parameter to date.
4 Penguin study with B s → J/ψK * decays A primary goal of LHCb is to precisely measure the phase φ s , primarily through the decay B s → J/ψφ. In the SM, and assuming dominance of the leading tree level diagram shown in Figure 3 (left), φ s = −2β s , where
It is hoped that a precision measurement of φ s will reveal an anomaly due to the effects of amplitudes involving particles beyond those of the SM. There are however further SM contributions, notably from penguin diagrams such as the one shown in Figure 3 (right). This "penguin pollution" is challenging to calculate, but can be constrained by studying the related decay B s → J/ψK * in which the tree diagram is Cabibbo suppressed. LHCb recently performed a study of this decay using the full Run-I dataset [7] . Figure 4 shows the invariant mass spectrum of candidate decays of this type. A clear B s signal peak can be seen on top of the tail from the larger B d → J/ψK * peak. The branching fraction of the B s decay is measured to be, 
Measurement of γ with
The least precisely measured of the internal angles of the unitarity triangle is γ = arg(−V ud V * ub /V cb V * cd ). It is primarily measured using decays of the type B → DK in which there are amplitudes with b → u and b → c quark level transitions that interfere with one another. In addition to modes with a single kaon, it is possible to exploit modes in which the D recoils against other strange systems, for example,
. LHCb reports a first measurement of many different decay modes of this type using the full Run-I dataset [11] . This includes the quasi flavour specific, or ADS [12, 13] [14, 15] . They are combined with h + π + π − (h = K or π). Of particular note is the first evidence for the ADS decay
and the GLW modes
which has a high intrinsic sensitivity to γ. 
mixing process which is directly sensitive to new physics. The value of |V ub | is extracted using semileptonic decays with transitions of the type b → u ν, primarily at the e + e − B-factory experiments, BaBar and Belle [16, 17, 18, 19] . This is done using both inclusive measurements where only the charged lepton is reconstructed, and with exclusive measurements of decays like B 0 → π − + ν. There is a long standing tension between determinations of |V ub | from these two types of measurements. Before LHCb, the measurements of |V ub | were restricted to the B 0 and B + mesons. In high energy proton-proton interactions, all species of b hadrons can be produced, with Λ 0 b baryons of particular abundance. In [11] LHCb reports a first observation of the V ub decay Λ 0 b → pµν. This measurement exploits the excellent vertexing capabilities of the LHCb detector combined with the long lifetime of the Λ b through the corrected mass variable. A line-of-flight between the primary pp interaction vertex and the secondary pµ vertex of the candidate decays is determined. The corrected mass exploits the fact that the visible pµ momentum transverse to this flight direction, p ⊥ , should balance with that of the neutrino. It is defined as,
For a decay with a single missing particle of zero mass, the m corr distribution exhibits a sharp kinematic end point at the mass of the decaying parent particle. 
where q is the invariant mass of the muon and neutrino. This is related to the ratio |V ub |/|V cb | by form factors. Using a recent calculation of these form factors with lattice QCD methods [20] , the following value is obtained, |V ub |/|V cb | = 0.083 ± 0.004 exp ± 0.004 FF . This has a comparable precision to the exclusive determination with B 0 → π + ν and is closer in value to it than to the inclusive determination.
Conclusions
The quark flavour sector remains a promising area in which to search for the indirect effects of physics beyond the Standard Model. Of particular interest is the study of CP violating phenomena in beauty particles,
